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A B S T R A C T
The dry reforming of methane with CO2 is a common route to transform CO2/CH4 mixtures into added value
syngas. Ni based catalysts are highly active for this goal but suﬀer from deactivation, as such promoters need to
be introduced to counteract this, and improve performance. In this study, mono- and bi-metallic formulations
based on 10wt.% Ni/CeO2-Al2O3 are explored and compared to a reference 10 wt.% Ni/γ-Al2O3. The eﬀect of Sn
and Pt as promoters of Ni/CeO2-Al2O3 was also investigated. The formulation promoted with Sn looked espe-
cially promising, showing CO2 conversions stabilising at 65% after highs of 95%. Its increased performance is
attributed to the additional dispersion Sn promotion causes. Changes in the reaction conditions (space velocity
and temperature) cement this idea, with the Ni-Sn/CeAl material performing superiorly to the mono-metallic
material, showing less deactivation. However, in the long run it is noted that the mono-metallic Ni/CeAl per-
forms better. As such the application is key when deciding which catalyst to employ in the dry reforming process.
1. Introduction
Carbon dioxide is one of the major issues facing the world currently,
the adverse eﬀects on the environment that CO2 emissions cause are
well documented and are causing global concern; with the year 2014
seeing 35.7 billion tonnes of CO2 produced from fossil fuel combustion
and industrial processes alone [1]. However, industry is taking major
steps to help mitigate these eﬀects, by capturing a proportion of the CO2
being produced each year. The array of technology used to capture CO2
is large, including absorption in liquids [2] and adsorption on solids
[3], which can be implemented either pre- or post-combustion de-
pending on the application. The scheme to reduce atmospheric carbon
emissions via capture is part of a worldwide initiative, with the cap-
tured carbon being stored by geological, mineralisation or oceanic
means. Nevertheless, a lot of progress needs to be made within this ﬁeld
before it becomes a truly viable option [4,5].
An alternative solution can be employed instead of storage, namely
the chemical upgrading of CO2 to fuels and chemicals. In addition to the
depletion of CO2 emissions, extra motivation is provided by the gen-
eration of value-added products [6].
Among the diﬀerent alternatives for CO2 utilisation, the dry re-
forming of methane (DRM, Eq. (1)) is a promising route and has the
added beneﬁt of utilising methane which has a global warming
potential 25 times that of CO2 [7]:
+ ⇌ +CH CO CO H2 24 2 2 (1)
= +H kJ molΔ 247 /K298
= +G kJ molΔ 170 /K298
This route leads to the production of syngas (H2 and CO) [8], which
is a highly useful and valuable intermediary. It can be used as a pre-
cursor in chemical processes, such as methanol production and the Fi-
scher-Tropsch Synthesis (FTS) to create long chain hydrocarbons (e.g.
diesel) [9].
Besides natural gas, there are several diﬀerent sources of methane
that can be utilised to coincide with the theme of fossil fuel and
emissions awareness. For instance, biogas produced by the anaerobic
digestion of organic matter is also the dominant mechanism for pro-
ducing landﬁll gas; the main constituent of which is biogas. Both have
roughly equal concentrations of methane and carbon dioxide [8].
However, the dry reforming operational conditions impose some
challenges to develop this technology. For instance, due to the en-
dothermic nature of the reaction and the high stability of the reactants
(methane and carbon dioxide), high temperatures and suitable catalysts
are needed to achieve optimal conversions and selectivity to syngas.
Unfortunately, high temperatures also cause catalyst deactivation. This
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can be via sintering of the active metal phase, or by the promotion of
side reactions forming solid carbon [8,10]. This carbon then deposits on
the catalyst, blocking the active phase [11]. This deposition can pro-
ceed by the Boudouard reaction (BR, Eq. (2)), methane decomposition
(Eq. (3)) and CO reduction (Eq. (4)):
⇌ +CO C s CO2 ( ) 2 (2)
⇌ +CH C s H( ) 24 2 (3)
+ ⇌ +CO H C s H O( )2 2 (4)
Methane decomposition especially is known to occur on Ni parti-
cles. Carbon remains adsorbed on the metal particles preventing access
to the active metallic phase and thus decreasing the catalytic perfor-
mance [12]. Carbon formation is favored by larger Nickel particles,
therefore when sintering occurs during the reaction it enhances carbon
deposition. Thus sintering has a double eﬀect on the catalyst activity:
ﬁrst the active surface decreases altering the catalytic activity and
second carbon formation is more favored on bigger particles leading to
a faster deactivation of the catalyst [8,11].
Hence an eﬀective dry reforming catalyst must be resistant to sin-
tering as well the formation of (hard) carbon upon its surface.
Concurrently, it must be relatively inexpensive and produce optimal
conversions, such that it can realistically be employed in medium and
large-scale applications.
Traditionally, Ni based materials are the state of the art catalysts for
reforming reactions, [8,13–16,12] and for the dry reforming in parti-
cular [8,10,17]. Nevertheless, Ni is highly prone to nucleate carbo-
naceous deposits and to undergo sintering, resulting in severe activity
depletion [17–19]. In response to these drawbacks a great deal of work
in the last decade have been focused on the application of precious
metal based catalysts, for reforming reactions [20]. Catalysts based on
Rh [21–23], Ru [24,25] Pt [20,26,27] among others systems can out-
perform Ni and overcome partially or completely the stability issues.
However, their cost makes them unviable for a realistic application.
Alternatively, Ni based materials can be promoted, reducing the
impact of sintering and coking and improving the overall performance.
Recently, Pastor-Perez et al demonstrated that a multicomponent cat-
alyst based on Ni-CeO2 is a good choice for glycerol reforming [28]. The
introduction of CeO2 in the catalysts formulation reduces the acidity
and increases the oxygen mobility of the support [27,29], both factors
helping to avoid carbon deposition. In addition, bimetallic combina-
tions i.e. Ni-Fe, Ni-Co, Ni-Sn [19,30], Ni-Pt [20,26,31,32] have been
studied, showing in some cases very promising results. In particular, Ni-
Sn materials have proven to be of interest towards reforming reactions
[30,33,34]. Similarly to carbon, tin contains p electrons in its outer
shell close to a stable s-orbital. When carbon is present the 3d electrons
of nickel interact with the 2p electrons of carbon to form nickel carbide.
The presence of tin would favours the interaction of Sn p orbitals with
Ni 3d electrons, thereby reducing the chance of nickel carbide forma-
tion as a coke precursor [12]. However, in large amounts tin inhibits
reactant conversions. Hou et. al. studied the eﬀect of tin addition on
coke formation and the catalytic activity of Ni/α-Al2O3 for DRM and
found that a Sn/Ni molar ratio of 0.02 was the optimum trade-oﬀ be-
tween the loss of activity and the prevention of coke formation [19]. On
the other hand, the promotion of Ni catalysts with low amounts of noble
metal is also of interest: a low cost Ni catalyst would beneﬁt from the C-
resistance and enhanced activity of a noble metal. Ni-Pt catalysts
showed promising results with Pt loadings as low as 0.3 wt% [20,26].
The introduction of Pt was found to ease the reduction of NiO, to better
disperse Ni particles and help achieving smaller Ni particles [20,32,31].
In summary, the promoter can be included in the metallic phase, in
the support or in both, leading to multicomponent materials with en-
hanced catalytic features.
Under these premises, the aim of this work is to develop advanced
multicomponent catalysts for chemical CO2 recycling via the dry
reforming of methane. Following a sequential design strategy (going
from the simplest Ni/Al2O3 to the most complex design Ni-Sn/CeO2/
Al2O3 or Ni-Pt/CeO2/Al2O3) we have developed highly eﬃcient mate-
rials for dry reforming, while revealing the key aspects for a successful
catalyst design.
2. Experimental
2.1. Catalyst preparation
The Cerium promoted support was synthesized by impregnation of
Ce(NO3)2·6H2O (Sigma-Aldrich) on γ-Al2O3 (Sasol –SCFa-230) in order
to obtain a 20wt% loading of CeO2. This support, named “CeAl” was
calcined at 800 °C for 8 h. The diﬀerent active phases were added by
sequential wet impregnation starting with the impregnation of Ni using
Ni(NO3)2·6H2O (Sigma-Aldrich) and a calcination step of 800 °C for 4 h.
The second impregnation involved either H2Cl6Pt·6H2O (37.5%, Sigma-
Aldrich) or SnCl2·2H2O (Sigma-Aldrich) and calcination at 800 °C for
4 hours. The metal loading of the catalysts was calculated to be 10wt.%
of Ni, 0.3 wt.% of Pt and 0.4 wt.% of Sn (molar Sn/Ni= 0.02). For sake
of simplicity, oxygen is omitted in the selected nomenclature. The
prepared catalysts are then called Ni/Al, Ni/CeAl, Ni-Sn/CeAl and Ni-
Pt/CeAl.
2.2. Catalyst characterisation
X-ray diﬀraction (XRD) patterns were recorded on an X’Pert Pro
PANalytical, using Cu Kα radiation (40mA, 45 kV). The spectra were
registered over a 2θ range between 10–90 °, with an angle increase of
0.05° every 160 s.
Temperature programmed reduction with hydrogen (H2-TPR) ana-
lysis was carried out on the calcined catalyst in a U-shaped quartz re-
actor. A gas ﬂow of 50mlmin−1 of 5% H2 in an Ar atmosphere (Air
Liquide) was utilised. A 50mg catalyst sample was heated at a rate of
10 °C min−1 from room temperature to 900 °C. Utilising an on stream
thermal conductivity detector (TCD) to monitor the hydrogen con-
sumption.
The textural properties of the catalyst were analysed by N2 ad-
sorption-desorption experiments at −196 °C (liquid nitrogen tempera-
ture). The measurements were performed on a Micromeritics Tristar 22.
With the samples being degassed for 2 h at 250 °C in vacuum, before the
analysis.
Raman spectroscopy was performed on the used catalytic samples.
With the measurements being taken on a Horiba Jobin Yvon dispersive
microscope (HR800) with confocal aperture 1000 μm, using a laser spot
diameter of 0.72 μm and spatial resolution of 360 nm. The microscope
was equipped with a diﬀraction grating of 600 grooves/mm, and a CCD
detector, using a green laser (λ=532.14 nm, maximum power 20mW)
and a 100× objective.
Scanning electron microscopy (SEM) analysis was performed on
both the fresh and used samples in a vacuum. Utilising a JEOL 5400
microscope equipped with an EDS analyser (Oxford Link).
The temperature-programmed oxidation (TPO) was carried out in a
U-shaped reactor under a total ﬂow of 50mLmin−1 (5% O2 in He) from
room temperature to 900 °C with a heating rate of 10 °Cmin−1. The
formed products were analysed by mass spectrometry (MS) in a Pfeiﬀer
vacuum mass spectrometer.
2.3. Catalytic tests
The catalytic behaviour of the prepared samples for the dry re-
forming of methane was carried out under atmospheric pressure in a
continuous ﬂow quartz tube reactor. The reactor set up is detailed in
Fig. 1. For each catalyst screening reaction, 0.1 g (particle size
100–200 μm) of catalyst was supported upon a reactor bed of quartz
wool. The catalyst was reduced in situ in a 100mL/min ﬂow containing
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Fig. 1. Process ﬂow diagram (PFD) for experimental set up.
Fig. 2. XRD characterisation spectra for sample catalyst: (a) Ni/Al, (b) Ni/CeAl, (c) Ni-Sn/CeAl and (d) Ni-Pt/CeAl, calcined, reduced and post reaction.
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20% H2 in N2 at 800 °C for 1 h with a heating rate of 15 °C/min. Re-
actions were conducted in a 100mL/min ﬂow containing 12.5% CH4,
12.5% CO2 and 75% N2 (WHSV=60,000mL g−1 h−1), at temperature
values ranging from 600 °C to 800 °C. For the reactions where the space
velocity is varied, this is achieved by increasing or decreasing the mass
of the catalyst sample used (0.05 g: 120,000mL g−1 h−1; 0.2 g:
30,000mL g−1 h−1). A stability test was conducted at 700 °C with a
WHSV of 60,000mL g−1 h−1 for about 100 h.
In all the experiments, the composition of the gas product stream
leaving the reactor was analysed by an on-stream gas analyser (ABB
AO2020). The spent samples were recovered for post reaction char-
acterisation.
The conversions of the reactants as well as the H2/CO ratio were
used to evaluate the catalytic performance of each sample. The fol-
lowing equations were used to determine these conversions [10].
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3. Results and discussion
3.1. X-Ray diﬀraction (XRD)
Fig. 2 shows the XRD patterns for all the sample catalysts. For the
fresh catalyst samples, there are no characteristic crystalline peaks that
can be attributed to metallic or oxidised Ni species. This indicates that
the Ni is highly dispersed and has a small particle size. Nevertheless, the
presence of nickel aluminate spinels (NiAl2O4) cannot be discarded, but
the spinel crystalline peaks overlap with the (4 4 0), (4 0 0) and (3 1 1)
planes, of the gamma phase of alumina at 66.79°, 45.76° and 37.58°
respectively. Indeed, as previously reported elsewhere, the Ni loading is
critical to fully form spinels [35]. In our case, 10 wt.% Ni is not enough
to transform all the γ-Al2O3 into NiAl2O4, in which the Ni content is
around 33wt.%. Therefore, surface NiAl2O4 spinels should co-exists
with the γ-Al2O3 support (JCPDS 00-004-0880) [35].
As for the ceria containing samples (Fig. 2b–d), all the catalysts
show the diﬀractions peaks for ceria ﬂuorite type structures, at a 2θ of
28°, 33°, 48° and 56° (JCPDS# 00-004-0593). Ni-Sn/CeAl (Fig. 2c)
shows a very similar pattern to that exhibited by the monometallic Ni/
CeAl (Fig. 2b). No evidence of Ni-Sn alloys are detected in the fresh
material, in good agreement with previous results for similar catalysts
[28]. The XRD pattern of Ni-Pt/CeAl (Fig. 2d) shows a pattern com-
parable to that depicted for Ni/CeAl (Fig. 2b), with the exception of a
small at 2θ=39° attributed to PtO (JCPDS 43-1100).
As prior to the reaction the samples are activated in hydrogen, it is
relevant to study the changes taking place during this treatment. In fact,
very useful information is obtained from the XRD patterns of the re-
duced samples (Fig. 2a–d). For all the catalysts a new phase corre-
sponding to metallic Ni nanoparticles (JCPDS 87-0712) was detected
indicating that metallic Ni will be the predominant active phase for the
reaction. Interestingly, the ﬂuorite structure collapses for the Pt-Ni bi-
metallic sample and leads to the formation of cerium aluminate. The
later agrees with the observation of Prakash and co-workers who
identiﬁed the formation of this phase when ceria on γ-alumina is re-
duced using a hydrogen atmosphere [36]. The presence of platinum
favours this reduction which does not happen for the Ni-Sn/CeAl and
the Ni/CeAl catalysts. Indeed, Pt on CeO2/Al2O3 assists the reversible
formation of CeAlO3 upon reduction under H2 and high temperature
(here 800 °C) [37]. After reaction the Ni-Pt catalyst recovers the ceria
phase (Fig. 2d) under oxidising conditions in good agreement with
literature [37]. Also for this sample the Ni particle size (estimated using
Scherrer equation) is the smallest within the studied series (i.e∼12 nm
before and after the reaction while for the rest of the materials the Ni
particle size is around 20–25 nm in all the cases for fresh and spent
samples). Indeed, the addition of Pt was found to improve metal dis-
persion and to reduce Ni particle size in previous studies [32,31]. The
spent samples also present a peak ascribed to ﬁlamentous carbon at
2θ=26°, corroborating the formation of surface carbon during the
reforming reaction. Here again, the Pt based materials behaves diﬀer-
ently showing no evidence of carbon formation in the XRD pattern
which suggests that the carbon formed on Ni-Pt/CeAl is mostly amor-
phous in its structure.
3.2. H2-Temperature programmed reduction (H2-TPR)
The temperature programmed reduction was undertaken so inter-
actions between the support and metallic species, as well as the redox
properties of the catalysts can be assessed.
H2-TPR proﬁles are shown in Fig. 3, the proﬁle obtained for Ni/Al
contains a major peak at a high temperature of 650–850 °C, which is
ascribed to the reduction of NiAl2O4 spinels [27,38]. These species re-
quire high temperatures to be reduced due to the close packed struc-
ture, agreeing with the XRD data [39]. The CeAl support only contains a
small peak at 850 °C corresponding to the reduction of bulk ceria
crystallites [40]. The proﬁles pertaining to Ni/CeAl, Ni-Sn/CeAl and Ni-
Pt/CeAl contain the major peak attributed to the reduction of NiAl2O4
spinels [41] in addition to a marked elbow in the 850 °C region at-
tributed to the reduction of CeO2. The Ni-Pt/CeAl proﬁle exhibit an
extra small peak representing the reduction of PtO species at a tem-
perature of 250 °C [37,42]. Overall, the prepared catalysts present
certain degree of oxygen mobility in the reaction temperature range
600–850 °C which may inﬂuence their observed performance.
3.3. Textural properties
The textual properties for the prepared sample catalysts are pre-
sented in Table 1, showing speciﬁc surface area (SBET) and the average
Fig. 3. H2-TPR proﬁles for the sample catalysts and support.
Table 1
Textural properties of the prepared samples.
Catalyst SBET (m2 g−1) Pore Volume (cm3 g−1)
Ni/Al 164 0.42
Ni/CeAl 116 0.28
Ni-Sn/CeAl 120 0.29
Ni-Pt/CeAl 118 0.28
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Fig. 4. SEM images of catalysts: (I) Ni/CeAl and (II) Ni-Sn/CeAl (for all samples: (a) fresh catalyst, (b) general mapping of fresh catalyst, (c) used catalyst, (d) carbon mapping of used
catalyst.
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volume of the pores for each catalyst.
The N2 adsorption-desorption isotherms for all the catalyst samples
(not shown) correspond to type IV isotherms, indicating multilayer
adsorption as well as being characteristic of a material containing
mesopores. The speciﬁc surface area of the catalyst samples drops with
the addition of ceria (Table 1). This eﬀect has been previously reported
[43] and has been attributed to ceria species covering the surface area
of the Al2O3. This is corroborated by a corresponding decrease in the
volume of the mesopores, which also partly explains the lower speciﬁc
surface area when compared to γ- Al2O3.
By comparison, the addition of the promoters Sn and Pt does not
inﬂuence the textural properties of the catalysts. This could be due to
the relatively small quantities of the promoters utilised. As such, they
are highly dispersed, resulting in little to no eﬀect despite being in-
trinsically less porous [44].
3.4. SEM
Fig. 4 shows the SEM images used in the examination of the mor-
phology and texture of the catalysts. From the fresh images (Fig. 4a), it
can be deduced that the morphology of the samples are comparable to
one another, with micro-, nano-and larger particles all present. These
larger particles can be assumed to be Al2O3, whilst some of the nano-
and micro- particles can be Ni° and/or NiO and CeO2. This is supported
by the general EDS-mapping of the catalyst (Fig. 4b), which shows the
distribution of Ni, Al, Ce and O.
Examination of the catalyst samples post reaction (Fig. 4c) shows a
major transformation in catalyst morphology. This is down to the pre-
sence of ﬁlamentous carbon deposits, on the samples’ surface. The
presence of similar quantities of crystalline structures are noted on both
catalyst samples, attributed to graphitic carbon [45]. The distribution
of carbonaceous species is visualised by carbon mapping in Fig. 4d.
Both samples show an even distribution of carbon which agrees with
the Ni particles dispersion since Ni atoms are the main carbon nu-
cleation site during the reaction.
3.5. Raman
Raman spectroscopy was used to characterize the structure of the
carbon deposited onto the spent catalyst samples, Fig. 5. Two char-
acteristic peaks typically ascribed to sp2 bonded carbon species are
present [30]. The peak at 1350 cm−1 called D-band is indicative of
carbon atoms in a disordered amorphous carbon network [46]. The
peak at 1585 cm−1 on the other hand corresponds to the G-band, as-
sociated with graphitic carbon due to a high degree of order, symmetry
and crystallinity [47,48]. The shape, position and relative intensities of
these bands vary slightly over the studied series of samples, indicating
some structural diﬀerences in the type of carbon formed over the in-
vestigated catalysts. The key Raman parameter to monitor carbon
bonding is the intensity ratio of the D and G peaks, ID/IG. In amorphous
carbons ID/IG is a measure of the size of the sp2 phase organized in rings.
ID/IG which indicates the degree of crystallinity of the carbon varies
across the series as shown in the Fig. 5 inset. In fact, this ratio reﬂects
the impact of the promoters in the carbon formation, with the Ni/Al
sample showing the lowest value and therefore the most graphitic
carbon. The presence of CeO2 alleviates the graphitisation degree re-
sulting in higher ID/IG ratios. Although in every sample several carbon
Raman spectra with diﬀerent ID/IG can be obtained, the situation is
more evident in the Ni-Sn one, where two types or carbon were de-
tected with a marked disparity in terms of crystalline degree. Two ex-
treme situations were witnessed in the Ni-Sn sample ID/IG=2.01 cor-
responding to a soft carbon with amorphous character and ID/IG=0.61
ascribed to well-structured hard carbon. In any case it is clear that the
presence of promoters such as CeO2 and the bimetallic formulations Ni-
Sn or Ni-Pt inﬂuences the mechanisms of carbon formation as well as
the tolerance of the catalysts towards coking [49,50].
However, the Raman data needs further support to extract con-
clusive indications of the carbon deposition over the multicomponent
catalysts. In this sense, TPO analysis of the spent samples were con-
ducted and they are presented in Fig. 6.
3.6. TPO
TPO experiments of the spent catalysts after 20 h of reaction were
performed to investigate the nature of the carbonaceous species de-
posited on the surface of the catalysts. The evolution of CO2 signal (m/
z=44) was analysed by MS and the results are shown in Fig. 6. The
temperature at which a maximum of CO2 production is observed gives
information on the type of the carbonaceous species deposited on the
surface. The Ni/Al and Ni/CeAl proﬁles show a peak at around 600 °C
which has been attributed to highly structured carbon being present, as
it requires high temperatures to be oxidised. A careful analysis of the
proﬁles indicates another oxidation process at lower temperatures 400-
500 °C which denotes the presence of softer carbon in lower proportion.
The presence of two type of carbons is clearly evident for the bimetallic
catalysts. The plot for Ni-Sn/CeAl shows two peaks at 430 and 570 °C
while the proﬁle Ni-Pt/CeAl reveals two oxidation processes at about
Fig. 5. Raman spectra of the used catalysts where Ni-Sn/CeAl (1) and Ni-Sn/Ce-Al (2)
refer to two diﬀerent zones of the same Ni-Sn/CeAl sample.
Fig. 6. TPO proﬁles of the used catalysts.
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480 and 620 °C. These observations match perfectly with the presence
of multiple types of carbon in good agreement with the Raman analysis.
In the case of the Ni-Sn system, both peaks appear at lower tempera-
tures compared to those of the Ni/Al and Ni/CeAl indicating that softer
forms of carbon having been formed by using the bimetallic combina-
tion [32,46].
3.7. Catalytic behaviour
The catalytic behaviour of the prepared catalysts in terms of CH4
and CO2 conversions, as well as H2/CO ratio is shown in Fig. 7, as a
function of time on stream. It can clearly be seen that as time on stream
progresses, the conversion of both CH4 and CO2 decrease for all cata-
lysts. This drop in activity indicates the formation of inactive carbon on
the surface of the catalyst (as shown by the SEM images, Fig. 4d and
XRD patterns). It must be noticed though that all the promoted catalysts
perform much better that the reference Ni/Al sample which showed the
poorest activity, reaching a steady state conversion of 18% for CH4 and
48% for CO2. In contrast, the Ni/CeAl catalyst stabilises at superior
conversions, namely around 25% for CH4 and around 65% for CO2
conversion. The impact of ceria is therefore evident in the catalytic
performance. Several reasons may account for the beneﬁcial eﬀect of
ceria. Firstly, it reduces the overall acidity of the bare support (alu-
mina), which helps to avoid carbon nucleation given the direct corre-
lation between acid sites and coking [23,51]. Secondly, the excellent
redox properties of ceria (i.e. its large oxygen storage capacity –OSC)
help to mitigate carbon deposition, by facilitating the oxidation and/or
gasiﬁcation of the carbonaceous species nucleating on the surface
during dry reforming [29,43,49]. The greater activity of ceria based
samples is therefore directly correlated with the above mentioned ca-
pacity of ceria to mitigate coking which is in fair agreement with the
TPR data discussed above and the TPO proﬁles of the spent samples
described in Fig. 6.
The eﬀects on the conversions caused by the addition of promoters
to the Ni/CeAl catalyst diﬀer. The Sn promoted catalyst exhibited a
marked increase in both CO2 and CH4 conversions to begin with, before
a drop in catalytic activity and reaching stable conversions similar to
those of Ni/CeAl base catalyst. In any case, this catalyst seems to be the
best one with a remarkable advantage in the early reaction stages. By
contrast, promotion of Ni/CeAl by Pt appears to hardly aﬀect the ac-
tivity of the catalyst at all, with no remarkable change in the conversion
values. Despite some authors report in literature that tiny amounts of Pt
can be enough to boost the performance of Ni based catalysts [20], our
results indicate that in the dry reforming of methane, a Pt loading
below 0.3 wt. % does not inﬂuence the performance. The H2/CO ratio
for all the catalysts were very similar, with a ﬁnal value after
20+ hours on stream in the region of 0.75–0.8, very close to 1 which is
the limit imposed by the nature of the reaction. Very interestingly, the
Sn promoted catalyst shows the highest initial ratio of 0.97, which is
probably related to the higher level of conversion reached by this
sample at the beginning of the catalytic run.
From the catalytic screening, it can be concluded that Sn is a pro-
mising promoter. In order to assess whether it is worthwhile in-
corporating Sn in Ni/CeAl systems, a more in depth study needs to be
undertaken. As such, a more detailed catalytic study has been con-
ducted utilising diﬀerent space velocities and reaction temperatures for
both Ni-Sn/CeAl and Ni/CeAl, before a ﬁnal set of stability tests were
completed.
Fig. 8 presents the CH4 and CO2 conversion as well as the H2/CO
ratio as a function of time on stream, when the WHSV is varied from the
standard 60,000mL g−1 h−1 to 30,000 and 120,000mL g−1 h−1, at the
same reaction temperature. What can be observed as a general rule
from these plots is that as the WHSV increases, conversions decrease.
For space velocities of 60,000 and 120,000mL g−1 h−1, both Ni/CeAl
Fig. 7. Catalyst screening: a) CH4 conversions (%), b) CO2 conversions (%) and c) H2/CO ratio (Reaction conditions: WHSV=60,000 ml g−1 h−1; CH4:CO2=1; P = 1 atm, T= 700 °C).
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and Ni-Sn/CeAl stabilise at roughly the same value of 22% CH4 con-
version and 65% CO2 conversion. At 60,000mL g−1 h−1, Ni/CeAl de-
activates and stabilises ﬁrst (after 5 hours) and Ni-Sn/CeAl deactivates
and stabilises later (after 15 h). However, at 30,000mL g−1 h−1 there is
a marked diﬀerence in catalytic performance between the catalysts. Ni/
CeAl begins to stabilise at the end of the experiment (20 h) with CH4
and CO2 conversions of roughly 30% and 70% respectively. The Ni-Sn/
CeAl performs even better, starting to stabilise earlier (5 h) at higher
CH4 and CO2 conversions of roughly 35% and 75% respectively. The
later indicates the beneﬁts of Sn as a promoter of Ni/CeAl catalysts, a
promotional eﬀect which seems be highlighted at lower space velo-
cities. This is likely due to the longer residence times at lower space
velocities, allowing more time for the gasiﬁcation of carbon to occur, as
such the poisoning by carbon is diminished. The general H2/CO ratio
trend for both catalysts is that, as the space velocity decreases from
120,000mL g−1 h−1 to 30,000mL g−1 h−1 the ratio increases from a
minimum of 0.7 to a maximum of 0.825.
The eﬀect of temperature on the catalytic performance of the pre-
pared samples is shown in Fig. 9 in the form of H2/CO ratios, coupled
with CH4 and CO2 conversions as a function of time on stream. The
general trend that can be observed is that as the temperature decreases
from 800 to 600 °C, the conversions of CH4 and CO2 decrease drama-
tically. This has been well documented [8,10], and is attributed to the
dry reforming reaction having highly endothermic characteristics,
therefore requiring higher temperatures to progress at a faster rate. As
explained previously, the catalysts run at 700 °C stabilise at roughly the
same conversions for both CH4 and CO2 (25% and 65% respectively),
with the Sn promoted catalyst having a higher conversion to begin with
and stabilising later. The catalysts run at 600 °C, however, exhibit dif-
ferent results. It can be observed that Ni/CeAl stabilises almost instantly
and holds steady. The conversions it stabilised at were also 25% and
65% CH4 and CO2 conversions respectively. However, for Ni-Sn/CeAl, a
major drop in all conversions can be observed especially after 4 h, be-
fore stabilisation with conversions of virtual 0% and 35% for CH4 and
CO2 respectively. For the catalysts run at 800 °C however, the conver-
sion of CH4 for both Ni/CeAl and Ni-Sn/CeAl exhibit deactivation be-
fore stabilising at 50% and 45% respectively. Also observable is the
monometallic catalyst reaching a more stable steady state than the Sn
promoted catalyst. By contrast, for the conversion of CO2 it is clear that
the Sn promoted catalyst suﬀers little deactivation, ﬁnishing at 85%
conversion. Whereas for the base catalyst, deactivation occurs quickly
(after 4 h), before stabilising at 75% conversion, reaching a more stable
steady state. The suggested cause for this is the CeO2 presence in both
catalysts. In fact, CeO2 promotes the reverse WGS reaction
( + ⇌ +CO H CO H O2 2 2 ) (even at high temperatures) which in turns
may promote the SRM reactions ( + ⇌ +CH H O CO H34 2 2;
+ ⇌ +CH H O CO H2 44 2 2 2) meaning that more CH4 is consumed in-
creasing its conversion. At the same time, due to the SRM reaction
being favoured, CO2 is being produced as such there is a smaller re-
spective conversion. The reason that the monometallic Ni/CeAl cata-
lysts has a higher CH4 but lower CO2 conversion is due to its higher
activity in the steam reforming reaction since more Ni is available for
the reaction. In the bimetallic catalyst, Sn decorates the vicinity of Ni
and although it improves Ni tolerance towards coking it may negatively
Fig. 8. WHSV experiments: a) CH4 conversions (%), b) CO2 conversions (%) and c) H2/CO ratio (Reaction conditions: WHSV=30,000–120,000ml g−1 h−1; CH4:CO2= 1; P =1 atm,
T= 700 °C).
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aﬀect the activation of methane since there are less Ni active sites
available. In summary, there is a trade-oﬀ between activity and stabi-
lity; the presence of Sn helps to mitigate carbon deposition due to Sn’s
similar electronic structure to carbon, meaning Sn can occupy carbon
nucleation positions, thus mitigating coking [30]. But it also may de-
crease the hydrocarbon reforming capacity of catalyst due to the active
sites being smothered by Sn particles, preventing the reactants from
accessing them, thereby reducing the activity. The pattern exhibited by
the H2/CO ratio is comparable to previous ratios, with the stabilised
values ranging from 0.75 to 0.85. The exception to this is at 600 °C for
the Sn promoted catalyst that presented a value of 0.65.
The long-term stability of the catalysts at 700 °C is displayed in
Fig. 10, in which catalytic performance is plotted as a function of time
on stream. The Sn promoted catalyst has higher activity to begin with
and deactivates later than the base Ni/CeAl. However even though the
base catalyst deactivates earlier, it stabilises at a higher conversion
value for both CO2 and CH4. After the 90+hour long experiment, the
Ni-Sn/CeAl had conversions of 5% and 45% respectively whereas the
Ni/CeAl had conversions of 15% and 55% respectively. This suggests
that the monometallic catalyst is better in the long run, which is likely
due to the catalyst having more active sites available. As a consequence
of the catalytic activity results, the H2/CO ratio follows a similar pat-
tern as shown in the ﬁgure. In light of these results it seems that Sn
prevents carbon deposition at early reaction stages (which is when ty-
pically carbon formation is more favoured) but for the long runs the fact
that Sn could block some Ni active sites makes the monometallic
approach a better choice. Certainly the optimisation of Sn loading could
help to ﬁnd the best compromise activity/stability.
4. Conclusions
Highly eﬀective multicomponent Ni/CeO2-Al2O3 catalysts for CO2
conversion via dry reforming of methane have been developed in this
study. Bimetallic combinations such as Ni-Pt and Ni-Sn have proven to
exhibit diﬀerent behaviour. In particular, Ni-Sn supported upon CeO2-
Al2O3 appeared to be a promising material, showing good H2/CO ratios
and high CO2 conversions. This is due to the excellent redox properties
of CeO2, as well as the prevention of active phase sintering and sub-
sequent carbon poisoning by the synergistic Sn-Ni interactions.
However, the Ni-Pt system does not show a major advantage over the
monometallic systems and therefore further studies exploring the op-
timum concentration of Pt promoter for Ni/CeAl in DRM would be
desired.
Positive results with the Sn promoted catalyst where observed over
varying WHSV and temperatures, outperforming the base Ni/CeAl
catalyst in both. More speciﬁcally, when the conditions where changed
to optimise the reaction (i.e. lower WHSV and higher temperature) the
Sn promoted catalyst continued to outperform its Ni/CeAl counterpart.
The developed materials displayed high levels of CO2 conversion
during ca. 100 h continuous operation. Interestingly, for long-term runs
the monometallic formulation performs better than the bimetallic Ni-Sn
what indicates the inﬂuence of the active sites availability for
Fig. 9. Temperature experiments: a) CH4 conversions (%), b) CO2 conversions (%) and c) H2/CO.
(Reaction conditions: WHSV=60,000ml g−1 h−1; CH4:CO2= 1; P = 1 atm, T= 600–800 °C).
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continuous runs. In any case our study provides useful guidelines in
terms of catalysts formulation, eﬀect of promoters and reaction condi-
tions, to successfully develop highly active dry reforming materials with
potential application in CO2 utilisation technologies.
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